Introduction {#sec1}
============

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous on Earth as they form during the low temperature combustion of carbon-rich material.^[@ref1],[@ref2]^ They are anthropogenically associated with coal and fossil fuel burning and produced endogenously through volcanism and forest fires.^[@ref3]−[@ref5]^ Extensive studies examining PAH interactions with fish have shown that PAHs are highly toxic to aquatic life.^[@ref6],[@ref7]^ In addition, the majority of PAHs are considered carcinogenic for humans.^[@ref8]^ Therefore, PAHs are considered to be pollutants.^[@ref9],[@ref10]^ This means that understanding PAH distribution, mobility, and reactivity, which can remove PAH contaminants from a system, is of key environmental importance. Current removal and degradation processes for PAHs include sorption^[@ref11]^ and chemical processes, e.g. ozonation, and UV radiation,^[@ref12]^ and biodegradation via bacteria, fungi, or algae.^[@ref13]^ PAHs are also highly abundant in extraterrestrial environments.^[@ref14]−[@ref19]^ For example, they have been detected in carbonaceous chondrites, where they are incorporated during growth of the meteorite body and reach a concentrations of 15--28 ppm per gram of meteorite.^[@ref14]^ PAHs are of considerable interest in the context of asteroids, owing to their potential to serve as precursors for the formation of other organic molecules through aqueous alteration.^[@ref20]^ Therefore, for both the remediation of PAH contaminated environments on Earth and PAH reactivity in asteroids, liberation of the PAH molecules into the aqueous phase is critical.

Owing to the aromaticity of its C rings, PAHs are nonpolar and thus exhibit a low solubility in polar solvents such as water.^[@ref21]^ This occurs because, although the arrangement of water molecules around a nonpolar solute produces an exothermic enthalpic contribution, the increase in solvent molecule ordering generates a large entropic penalty.^[@ref22]^ Therefore, there is a large thermodynamic driving force to remove the nonpolar solutes from solution,^[@ref23]^ leaving them preferentially attached to mineral grains or other organic matter present.^[@ref24]^ Previous studies have focused on measuring the solubility of PAH compounds under various aqueous conditions such as at different temperatures,^[@ref21],[@ref25]−[@ref27]^ pressurized water,^[@ref28],[@ref29]^ and water with different degrees of salinity.^[@ref27]^ However, PAH mobility and reactivity depend on solubility, an equilibrium thermodynamic parameter, as well as on the rate at which they are released from the solid phase, a kinetic parameter. At present, there is limited information about the rate of PAH dissolution and its dependence on the aqueous environment due to the low solubilities of PAHs in water and thus low concentration of molecules released into solution.

Recent mineralogical studies have used changes in crystal dissolution rate in the presence of different electrolytes studied in situ at the nanoscale to extrapolate changing hydration properties of solvated ions.^[@ref30]^ High spatial resolution studies of PAHs are very limited.^[@ref31]^ However, other organic crystals have been observed growing^[@ref32]^ and dissolving^[@ref33]^ in situ using atomic force microscopy (AFM) from the field of biology.^[@ref34]^ On that basis, we examined how the solution composition controls the dissolution rate of the PAH fluoranthene. Fluoranthene has been chosen as a representative PAH in this study as it is stable as a solid at room temperature and pressure, but its solubility and vapor pressure are sufficient to measurably alter its surface structure over the duration from minutes to hours. This means that we can monitor the removal of material from a single crystal surface using AFM analysis. To our knowledge, there have been no studies of fluoranthene crystal surfaces; therefore, we first examined fluoranthene subliming into air. As the ionic strength of a solution has been shown to play a role in PAH solubility,^[@ref27]^ we further studied fluoranthene dissolution in deionized water and 0.4 M NaCl or 0.1 M MgSO~4~ solutions, where the last two solutions have the same ionic strength.

Experimental Methods {#sec2}
====================

Atomic Force Microscopy {#sec2.1}
-----------------------

We performed experiments in which we exposed fluoranthene crystals (98% purity, Sigma-Aldrich) to laboratory air (humidity: 50--80%) followed by either deionized water, 0.4 M sodium chloride (NaCl) or 0.1 M magnesium sulfate (MgSO~4~) solutions for up to 40 min. The NaCl and MgSO~4~ solutions were prepared with sodium chloride and magnesium sulfate heptahydrate powder both from Merck, with a purity ≥99.5%. The two different salts were chosen based on their abundance on Earth,^[@ref35],[@ref36]^ where the composition of natural waters is mainly controlled by hydrogeochemical processes,^[@ref37]^ and predictions of their importance as constituents of fluids in asteroids.^[@ref38]^ In addition, these salts are expected to have different solvation and water structuring properties.^[@ref39]−[@ref41]^ The fluoranthene crystals used for the experiments are monoclinic with a columnar habit exhibiting large flat faces observable using a standard 10× magnification optical lens. These faces were used in the AFM experiments. Equilibrium calculations^[@ref42]^ indicate that these large faces are a {101} plane.

The untreated fluoranthene crystals were mounted onto a tetrafluoroethylene (TFE) sample holder using fluid carbon glue under a desktop fume hood. AFM measurements can be affected by tilting of the sample surface. Therefore, to limit tilting of the surface, the crystals were gently pressed onto the PTFE sample holder with a mica plate until they were observed to be level with the holder. The sample holder was then placed onto the piezoelectric scanner of the AFM. Real-time monitoring of the fluoranthene crystal surface in air or under aqueous solutions was carried out with a Nanoscope III Multimode AFM (Digital instrument; Bruker). The AFM cantilever was placed inside a glass probe holder (Model: MTFML; Bruker) with two tube entries for influx and outflow, referred to as a flow-through fluid cell, on top of the mounted sample holder. Images produced in the experiment were obtained in contact mode. We used a triangular nitride cantilever with a sharp silicon tip (average resonant frequency of 65 kHz and a spring constant of 0.35 N/m, Model SNL-10; Bruker), which was replaced after each experiment. The crystals were always positioned with their long axis perpendicular to the cantilever.

During the experiments with fluids, the flow-through fluid cell was filled using a microfluidics syringe pump and kept filled with the aqueous solution. The experiments themselves were conducted in the absence of fluid flow. All experiments were carried out at room temperature. Images (10 × 10 μm) were taken in each experiment, and all surfaces were monitored over at least 20 consecutive scans to be able to follow the surface processes. Image analysis was conducted using the NanoScope Analysis program (version 1.5, Bruker).

Determination of the Step Retreat Rate in Solution and Air {#sec2.2}
----------------------------------------------------------

### Line Intercept Method {#sec2.2.1}

To determine the step retreat rate, we employed the commonly adopted line intercept method ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) with the AFM data obtained as deflection images. In this method, the translation of a step along a predetermined interception line is monitored over time. The (average) rate of translation (step retreat) was then taken as a measure for the material removal rate from the surface. For each sample, up to six intercept lines were defined, originating from an assumed stationary point (e.g., a deep etch pit nucleation point) and traversing the sample along arbitrary directions. The intersection points between these lines and steps were recorded for consecutively scanned images as a distance *d* relative to the stationary point. The rate of step retreat *r* was then estimated through a central differences scheme aswhere *t* denotes time, superscript *i* denotes the current scan (i.e., current moment in time), *i*--1 the previous scan, and *i*+1 the subsequent scan. For the first and last scans, forward- and backward-Euler schemes were used, respectively.

![Line intercept (A) and the point tracking (B) method are illustrated in the schematic diagrams, as described in the method section. The position of a single distinctive feature (tracking point) on a given step is tracked across consecutive scans relative to an assumed stationary reference point. The step retreat rate is obtained from time differentiation of the position of the tracking point (numbers 1--3) between consecutive scans. The tracking points measured are moving in the same direction (though this direction is not specified).](sp-2018-001208_0001){#fig1}

In many previous studies employing the line intercept method,^[@ref43]^ the steps are reported to be straight and continuous so that an intercept line can be chosen orthogonal to the strike of the step. In our samples, no single intercept line could be drawn that intersects all steps at 90° angles for each given scan. The above approach thus yields an estimate of the true step retreat rate (see point tracking method below) that would, on average, be smaller by a factor 2/π ≈ 0.637 due to misalignment between the intercept line and the direction of step retreat.

### Point Tracking Method {#sec2.2.2}

In addition to the line intercept method described above, we estimated the rate of step retreat by tracking the position of individual points on a given step (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The coordinates of a distinctive tracking point were recorded on each deflection image generated by consecutive AFM scans, resulting in a time-series of coordinate points. These coordinate points are inevitably affected by drift of the reference frame of the scanned area, which may be nonconstant and nonmonotonic in time. To correct for this, the coordinates of a reference point that was stationary on the sample surface (e.g., an etch pit) were recorded in addition to the step tracking points. The position of the tracking points (*x*~p~) was then calculated relative to the position of the reference point (*x*~r~), eliminating drift of the scanned area position. The step retreat velocity *v* at time *t* was estimated in a central differences scheme as

The rate of step retreat is then expressed as the magnitude of *v*, i.e. . The rates obtained by the point tracking method were compared with those obtained by the line intercept method and were expected to fall toward the high end of the range of intercept method measurements, as mentioned in the above section. Results obtained from the line intercept method lie within the scatter of the point tracking method. Therefore, the line intercept method, which yielded more data points, was used to determine the rates used in the averages over many surfaces. For an in-depth image by image analysis of steps on a surface exposed to air, the point tracking method was used. This allowed us to produce a detailed vector map of the step movement across the surface.

### Sample Surface Roughness {#sec2.2.3}

Maps of the sample topography generated by the AFM scans were processed to obtain a quantitative measure of the sample surface roughness. Each pixel in an image was converted to a surface height value *h* relative to an arbitrary point. The surface roughness *R*~q~ was then expressed as the standard deviation of *h* around the mean *h̅*, i.e. as the root mean squared roughness (for *n* ≫ 1):

As the surface roughness is determined for each AFM scan individually, the time evolution of roughness can be directly correlated with the time evolution of step retreat rates.

Results {#sec3}
=======

Surface Features {#sec3.1}
----------------

Although the sample surfaces appear flat in the light microscope, they show a range of topographies at the nanometer scale ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The crystal surfaces had flat areas (terraces) between steps in all studied media. The step edges were undulating both at the 100 nm and μm scales (seen in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and b). Undulations at the μm scale can be related to islands of higher topography, which appear to pin the steps at these points. Retention of steps at the island sites is also suggested by the observation that the sides of the islands consist of numerous steps in close proximity to one another ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). When the surface is imaged progressively over the duration of several minutes, the steps that are identified in the initial image are observed to retreat across the surface. Top surface layers and island structures are eradicated over time by step coalescence.

![Examples of features observed on the fluoranthene crystals. (A) Fluoranthene surface after exposure to air. Free-moving and pinned steps (in between islands indicated by the white ovals) are depicted; an isolated etch pit (white arrow) is observed in the center at the top of the image. (B) Fluoranthene surface after exposure to 0.1 M MgSO~4~. Several types of etch pits are present; isolated area (surrounded by the white oval) formed by interaction of steps from different etch pits. (C) A dissolution spiral formed during fluoranthene surface exposed to deionized water. (D) Tick-shaped deep etch pit cluster. (E) Shallow etch pits that spread in discrete layers.](sp-2018-001208_0002){#fig2}

Shallow etch pits ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and e) were observed that had coalesced to form the undulated step edge texture at the 100 nm scale. These etch pits were more abundant on surfaces exposed to aqueous solutions. In addition, the images show deeper etch pits that can be separated into two different types: (1) stationary pits that remained at least 18 nm below the highest step that defines their rim, and (2) broader, deep etch pits found individually or in clusters ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), forming a line or tick-mark-like structure. Steep sided, deep etch pit clusters did not widen during the experiments. However, small steps could break free at the top of the etch pit cluster, and these small steps retreated across the surface. Deep, individual etch pits widened during the experiments, developing small terrace areas between the steps that comprised the etch pit walls. Both shallow and deep etch pits formed a circular indentation when isolated from other etch pits ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and e). This circular shape changes to oval or a more irregular shape when the steps defining the etch pit edge approach surrounding surface features, such as other etch pits and islands. The change in shape was not found to be dependent on the specific direction of step retreat across the surface. Steps that defined the edges of the shallow etch pits also migrated across the surface with time, exposing new material to the medium. New shallow etch pits nucleated in the same location on the newly exposed surface. Deep etch pits from which steps were liberated appeared to become shallower with time. In one experiment in deionized water, two spiral etch pits were also observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), which generated new steps on the surface. Newly generated steps retreated across the surface away from the center of the etch pit that generated them.

Surface Effects on Step Retreat {#sec3.2}
-------------------------------

Individual steps were observed to retreat at different rates dependent on the spacing between their neighboring steps and distance to other topographic surface features ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) but independent of their retreat direction. Steps that retreated with a spacing closer than ∼100 nm apart showed identical retreat rates. In contrast, steps that were spaced further apart exhibited distinctly different retreat rates. Steps that migrated at similar rates were observed to eventually diverge during the experiment. In the vicinity of an island, the step retreat decelerated but accelerated again once the island structure was passed. This behavior may have been caused by direct interaction of the AFM tip with the sample surface. However, experiments conducted at different tip scanning rates showed no correlation between scan frequency and step retreat rates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), suggesting that the AFM tip exerted minimal influence on the material removal rate from the surface. Similarly, no difference in surface features was observed outside of the repeatedly scanned area.

![Fluoranthene crystal surface exposed to air. The red dot in A and B is an isolated etch pit that is used as the stationary reference point to account for instrument drift. The transition from the surface A to B took 7 min. The steps are consecutively numbered, and the same numbering is used in A and B. (A) Deflection image of the initial surface at the start of the measurement sequence. Numerous bunched steps define an island (number 1). (B) Deflection image of surface at the end of the imaging sequence showing the final location of the steps and the eradication of three initially identified steps, but also appearance of new steps. (C) Vector image tracking the steps as they move across the surface. Each spot is the new position in the subsequent scan image. The arrows are scaled to represent step speed and direction between each image, where a larger arrow indicates a faster speed of step retreat. The vectors show that step retreat is generally faster further away from the islands. For reference, dashed and solid gray lines indicate traces of the steps identified in panels A and B, respectively.](sp-2018-001208_0003){#fig3}

![Step retreat rates against tip scanning frequency for (A) air, (B) deionized water, (C) 0.4 M NaCl solution and (D) 0.1 M MgSO~4~ solution. The data points are obtained from the linear intercept method. No systematic effect of the tip interaction with the surface on the step retreat rates is observed. The whiskers indicate the 1.5 interquartile ranges.](sp-2018-001208_0004){#fig4}

Effect of Medium Composition on Retreat Rates {#sec3.3}
---------------------------------------------

Surface topographic features clearly had a significant impact on individual step retreat rates. Despite showing similar surface features, the topography of each surface examined was distinct and evolved with time. Therefore, we compared the step retreat rates between various solvents as a function of the surface roughness, expressed as roughness value *R*~q~. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows that at low roughness values (*R*~q~ \< 5 nm), the step retreat rate decreased with increasing *R*~q~. In the example of the samples exposed to air a decrease with an exponential descent is observable. However, samples with *R*~q~ above 5 nm show no effect of surface roughness. Higher surface *R*~q~ is consistent with observed areas with step bunching, which is associated with islands or areas isolated by the edges of etch pits. In these areas, steps migrate more slowly than on large, flat terrace areas. The experiments in air show a dependence on roughness; thus, determination of a representative average rate is hindered by the high variability of step retreat rates. At *R*~q~ above 5 nm, the calculated retreat velocities for the different aqueous media are independent of surface roughness within the data scatter.

![Step retreat rates against root-mean-square roughness. The data points are obtained by the linear intercept method. Data for which *R*~q~ \< 5 nm show an exponential decline in step retreat rates with increasing *R*~q~, which saturates for *R*~q~ \> 5 nm for all solutions. Note the use of a discontinuous *x*-axis.](sp-2018-001208_0005){#fig5}

Plotting the distributions of step retreat rates of all media combined ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) demonstrates that rates within a single experiment can vary by an order of magnitude on the fluoranthene surface. The box and whisker plot ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) of the retreat rates also shows that the data is slightly more closely clustered for the NaCl experiments in comparison to deionized water and MgSO~4~ solution experiments. The median of the step retreat rates demonstrate that dissolution is consistently faster in the higher ionic strength solutions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), i.e. the 0.4 M NaCl and 0.1 M MgSO~4~ show faster retreat rates than deionized water (0.23 nm/s on average). In addition, dissolution in MgSO~4~ solution (0.81 nm/s) appears faster than in the NaCl solution (0.65 nm/s), although the difference between these rates falls within the scatter of the data. The data do not show a normal distribution (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), similar to what has been observed previously with rate distributions that examine different reactive sites on a dissolving surface.^[@ref44],[@ref45]^ Following these studies, we fitted several common distributions to the data using Python's SciPy library.^[@ref46]^ However, none of these distributions adequately described the data distribution, as concluded from Kolmogorov--Smirnov tests (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00120/suppl_file/sp8b00120_si_001.pdf) for details). As the data was non-normal in distribution, the boot strapping method was used to assess the statistical significance of the mean step retreats obtained from each of the different media. The statistical analysis indicates that the difference between the mean step retreat rates of the 0.4 M NaCl and 0.1 M MgSO~4~ solutions is only slightly statistically significant, where the 0.1 M MgSO~4~ solution is faster than the 0.4 M NaCl solution. However, even though the difference is statistically significant, it may lie within the experimental uncertainty (e.g., uncertainty due to sample preparation and the limited size of the scanned area). It can therefore not be conclusively stated that solution composition has an effect on the step retreat rates, other than through its ionic strength.

![Box and whisker plot of step retreat rates for the different media. The whiskers indicate the 1.5 interquartile range. The data points are obtained from the linear intercept method. Step retreat in air was the fastest in our experiments, followed by MgSO~4~ ≈ NaCl \> deionized water.](sp-2018-001208_0006){#fig6}

![Histograms of the step retreat rates for air, deionized water, 0.4 M NaCl, and 0.1 M MgSO~4~ solutions. The step retreat rates are not normally distributed and are skewed to faster rates. For easy comparison, the histograms in panels A--D are joined in panel E.](sp-2018-001208_0007){#fig7}

Discussion {#sec4}
==========

Topography Effect on Fluoranthene Release {#sec4.1}
-----------------------------------------

Previous experiments conducted in an AFM have shown dissolution of organic crystals occurs via steps and etch pit formation,^[@ref47],[@ref48]^ as is observed in our experiments. In the previous experiments, etch pit shapes were dictated by the crystallographic arrangement of the organic molecules that make up the macromolecular crystal. In these cases, the steps that delineate the etch pit edge occurred in directions of periodic bonding chains.^[@ref47]^ Differences in step retreat rate related to specific crystallographic directions thus led to characteristic etch pit shapes. However, in our experiments, the direction of step retreat did not produce a measurable difference in the rates. This indicates that step retreat on the fluoranthene surfaces was not controlled by atomic interactions in specific crystallographic directions. This is consistent with the formation of circular etch pits when steps are able to freely move across the surface. For inorganic crystal systems, step retreat has also been linked to the population of reactive sites at the step edges called kinks.^[@ref49]−[@ref51]^ The rate of kink formation and their annihilation via coalescence can also play an important role in the rate of step retreat.^[@ref51]^ However, rough or curved steps, such as those observed on the fluoranthene surface, are considered to have maximum kink density, indicating that retreat rate is more likely controlled by other processes such as surface diffusion of released molecules away from the step face.^[@ref49]^

Retreat rate dependence on surface diffusion is consistent with observations from our experiments, where interactions between moving steps and surface topography that results in step bunching have a large influence on the step retreat rates measured for fluoranthene ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Step bunching on inorganic crystal surfaces has been attributed to different phenomena, including anisotropic detachment kinetics driven by diffusive transport,^[@ref52]−[@ref54]^ strain mediated step bunching,^[@ref55],[@ref56]^ and impurity induced step bunching.^[@ref57]^ Adsorption of impurities to steps in aqueous solution is known to change the shape of retreating step edges and overall morphology of etch pits in both inorganic^[@ref58]^ and organic^[@ref47]^ crystals. Yet, in our experiments, we see no significant difference in the step morphology between air and aqueous solution, indicating that adsorption of impurities to step edges is unlikely to cause the step bunching. Similarly, impurities already present in the crystal structure would be expected to be associated with etch pit nucleation during material removal from the surface. Therefore, impurities are not expected to cause step bunching. Strain induced bunching is typically linked to the application of thin films in the silicon literature.^[@ref59]^ As we used crystal faces and there does not appear to be a directional bunching behavior, it also seems unlikely that bunching is caused by strain at the surface. Thus, the most likely cause of step bunching in our experiments is anisotropic diffusive transport, consistent with the expected controls of step retreat rate when kink site density is maximized at curved steps.

When steps are closely spaced, the solute concentration gradients between neighboring steps start to orient themselves normal to the sample surface as a consequence of the accumulation of released molecules ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This is expected to inhibit diffusion in the tangential directions so that diffusion may occur only in the direction normal to the surface. As a result, the overall rate of diffusive transport decreases, leading to lower step retreat rates in the vicinity of steep topographic features where steps are closely spaced. For example, the interactions between the steps that comprise the etch pit walls in the deep, clustered etch pits (e.g., those in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) results in these steps being unable to move. Therefore, although single steps at the surface can free themselves from the deep cluster etch pit walls, the etch pits themselves do not widen during the experiments. In contrast, the steps that define the walls of single deep etch pits can retreat and are observed to separate to form terrace areas. When several of the single, deep etch pits are close together, retreat of the wall steps toward another etch pit isolates areas of the surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Interaction between the steps of the etch pit walls on either side of the isolated area results in this area becoming more resilient to material removal.

![Schematic diagram illustrates a model for diffusion-controlled step retreat. Isolated steps are unaffected by neighboring steps, and dissolved species can diffuse away from the reaction site in all directions. When steps are in close proximity to one another, diffusion may occur only normal to the crystal surface, inhibiting step retreat as solute concentration accumulates.](sp-2018-001208_0008){#fig8}

Islands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) constitute the most complex topography on the surface of a fluoranthene crystal. In our experiments, once the steps have approached an island, the steps decelerate and enclose it, which results in step coalescence and perpetuation of the quasi-circular geometry of the islands (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and the video in the [Supporting Information](#notes1){ref-type="notes"}). Steps that have been separated from the island by coalescence (and have passed the island) accelerate in retreat rate and continue to translate over the surface. Deceleration of step retreat upon interactions with surface features has been observed previously during the sublimation of silicon.^[@ref59]^ Steps close to the surface feature are slowed, while sections of the step away from the feature move at a higher rate. This produces a characteristic undulatory shape of the step, as is most clearly observed in our experiments with air at locations where the steps interact with two islands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Islands are perpetuated on the fluoranthene surface through the slower step retreat caused by anisotropic diffusion in areas of step bunching, such as the sides of islands. Therefore, the presence of islands encourages the generation of nonstraight step morphologies, facilitating the retention of step retreat dependence on surface diffusion rather than kink density at step edges.

Influence of Solution Composition on Fluoranthene Dissolution {#sec4.2}
-------------------------------------------------------------

Step retreat during fluoranthene dissolution showed minimal crystallographic orientation control as the etch pits are circular and spread evenly, similar to what has been observed in other monoclinic materials.^[@ref60]^ Therefore, our experiments illuminate the interactions of fluoranthene with the solution, with little crystallographic controls on the dissolution rate. Changes in the composition of the solution itself may thus explain the change in step retreat rate observed in the different fluids tested ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Increasing the ionic strength of aqueous solutions is known to decrease the solubility of most PAHs,^[@ref27]^ referred to as the salting out effect.^[@ref61]^ For example, Jonker and Muijs (2010)^[@ref62]^ show that fluoranthene increases its partition coefficient between the solid and aqueous phases by 70% when the ionic strength of the aqueous solution increases. Therefore, we expect that the solubility of fluoranthene is lower in the 0.4 M ionic strength solutions in comparison to the deionized water experiments.

When ions are added to an aqueous solution, a hydration shell of water molecules surrounds them, controlling the local structure of the water medium. Ions in solution have also been suggested to alter the long-range hydrogen bonding structure of the water medium to different extents.^[@ref63]^ Thus, the inclusion of salts in solution has direct implications for the enthalpy and entropy of the system. The low solubility and salting out effect of organic molecules at high ionic strengths^[@ref61]^ is closely associated with the entropic and enthalpic conditions of the system. Therefore, the presence of specific ions in solution has a direct influence on the ability of organic molecules to be solubilized. In particular, decreased solubility for neutrally charged organic molecules, such as PAHs, has been associated with an increase in polar interaction energies between water molecules as well as the energy for cavity formation within the bulk water structure, which is required to accommodate the organic molecules.^[@ref64]^ For the ions tested in our experiments, Na^+^ has minimal effect on the water structure, whereas Mg^2+^ is known to be a strong water structure-making ion.^[@ref63]^ In contrast, Cl^--^ is a strong water structure-breaking ion, with SO~4~^2--^ exhibiting weaker structure breaking to structure making characteristics.^[@ref63]^ Therefore, we expect that the NaCl solution will be water structure breaking to weakly structure making, whereas the MgSO~4~ solution will be dominantly structure making. This is consistent with work on MgSO~4~, which shows that the cooperation of the two ions can significantly change the water structure outside of the first hydration shell.^[@ref65]^ As our solutions had the same ionic strength, the strong hydration of Mg^2+[@ref66]^ and SO~4~^2--[@ref66],[@ref67]^ as well as the structure making characteristics of MgSO~4~ imply that a more dominant salting out effect will occur for fluoranthene in MgSO~4~ solutions in comparison to NaCl solutions.

In our experiments we observed homogeneously distributed shallow etch pits in all solutions, which are associated with a large shift from equilibrium.^[@ref68]^ Given the salting out series for fluoranthene in the solutions we studied, the expected sequence of dissolution rates (if dissolution rates are correlated directly with solubility) is thus: deionized water ≫ NaCl \> MgSO~4~. However, the measured step retreat rates from our experiments do not fit with the expected solubility sequence. Instead, they follow the trend MgSO~4~ ≥ NaCl \> deionized water. This implies that the favorability of water to form a cavity does not account for our observed step retreat rates.

In previous AFM experiments with inorganic crystals, the solution ions also appear to affect the structure of water at the crystal surface.^[@ref58],[@ref69]^ This has been linked to water exchange kinetics both between the ions in solution and ions at the crystal surface. In inorganic crystals, water structures itself above exposed ions at the crystal surface.^[@ref70]^ However, the charge neutrality and nonpolarity of fluoranthene would be expected to limit the water structuring at the interface. Yet, step retreat rates were higher in the presence of salts in the solution. Absence of an observable change in the etch pit or step shapes in the different solution experiments indicates that there is no direct interaction between the salt ions and the fluoranthene surface. In addition, no evidence for increased rates of step retreat were observed at higher AFM scan rates in the aqueous solutions, indicating an importance of surface diffusion rather than diffusional barriers normal to the surface. There were differences in the distributions of the step rates measured in the different solutions (see [Supporting Information](#notes1){ref-type="notes"}); however, the direct cause of these differences is not clear from the experiments. We are not aware of any study that has described the diffusive properties of fluoranthene molecules in aqueous solutions in the presence of structure altering ions. We can therefore only hypothesize that high ionic strength solutions result in a larger diffusion coefficient of fluoranthene species at the crystal surface, which could counteract the diminished solubility by facilitating molecule transport through the salt solutions. This would give rise to the observed order of step retreat rates. However, further studies on the diffusivity of fluoranthene are necessary to further test this hypothesis.

Implications for Fluoranthene in Natural Systems {#sec4.3}
------------------------------------------------

Natural fluoranthene exists on Earth as a gaseous or particulate phase,^[@ref1]^ where it is most likely in the form of disordered macromolecules.^[@ref71]^ Examples of PAHs in air and aqueous environments on Earth demonstrate that these macromolecules are preferentially partitioned onto solid particles, which it is crucial for their availability and transportability.^[@ref24]^ Similarly, a study by Zenobi et al.^[@ref72]^ on Allende indicates that PAHs are not homogeneously distributed within carbonaceous chondrites but are instead associated with the organic polymer that comprises the main carbonaceous phase. In amorphous fluoranthene, the solid phase is joined together via van der Waals and π--π intermolecular bonding.^[@ref71],[@ref73]^ Similarly, the interactions between PAHs and organics such as active carbon are considered to be associated with π--π-, H--H- and electron donor--acceptor-bonding mechanisms.^[@ref74],[@ref75]^ For the interaction between PAHs and other organic matter, similar modes of intermolecular bonding are typically assumed, although the exact nature of the bonding will depend upon the chemical structure and characteristics of the molecules involved.^[@ref76]^ As in the amorphous system, intermolecular bonding within the fluoranthene crystal also occurs via H--H-^[@ref77]^ and van der Waals^[@ref78]^ interactions. Therefore, the intermolecular interactions should be similar in our experiments and more amorphous material in natural systems.

Tremblay et al.^[@ref79]^ showed that the adsorption of PAHs to humic acid and sediment particulates corresponds to changing solubilities, thus salting out. As our experiments in fluid show minimal crystallographic orientation control, we suggest that the rates produced reflect changes in the interaction with the surrounding solution, which will also be important for amorphous materials found in nature. As dissolution rates of amorphous solids are significantly faster than those of crystalline counterparts,^[@ref80]^ our experiments are expected to show a lower rate than could arise in natural systems, where an amorphous phase is present.

PAH redistribution on Earth is proposed to occur via the transport of particulates onto which they are absorbed^[@ref24],[@ref81]^ as their solubility is too low for them to be retained in solution at high concentrations. Fluoranthene's lower solubility but faster dissolution rates in saline solutions indicate that in these environments fluoranthene will quickly equilibrate with the fluid at a particle interface. Therefore, if fluid mixing rates are slow, fluoranthene will have a very low mobility in these environments. In contrast, this may be different for interface-limited systems where equilibrium cannot be reached due to replenishment of the interfacial solution. Thus, fluid transport could play an important role in the liberation of PAHs from solid matter, resulting in faster PAH removal rates into the interfacial solution than would be predicted from solubility alone. In chemical degradation processes for PAH contamination remediation, including those targeting fluoranthene, the PAHs need to be dissolved into solution^[@ref82]^ before they can react. As the PAH is removed from the system in these processes, equilibrium will not be reached if the rate of reaction is faster than the dissolution rate. Thus, if the rate of degradation is limited by the rate of PAH dissolution, our results imply that changing the ionic strength and composition of the reacting solution may assist degradation rates.

In carbonaceous chondrites aqueous alteration has been proposed to occur at temperatures ranging from 0 to 300 °C.^[@ref83]^ PAH mobility depends on the compound's solubility and dissolution rate under these conditions. Oparin et al.^[@ref84]^ demonstrated that there is very little change of water structuring in solutions containing NaCl between 1 and 1000 bar. Therefore, assuming that the solubility remains associated with water structuring, we do not expect pressure to significantly change the solubility of PAHs within meteorites or asteroids. In contrast, the solubility of PAHs has been shown to increase with increasing temperature up to their melting point.^[@ref27],[@ref85]^ Increasing temperature from 25 to 250 °C was shown to decrease the water structure dependence on Na^+^ and Cl^--^ ions.^[@ref84]^ Mg^2+^ can retain its first hydration shell up to at least 125 °C, but enhanced ability to form complexes with other ions in aqueous solution implies that the second or third hydration shells are disrupted at higher temperatures.^[@ref86]^ The effects of ionic strength and solution composition on PAH dissolution will therefore become negligible at higher temperatures. Thus, PAH mobility in meteorites will depend on solution composition only at lower temperatures of aqueous alteration. A higher ionic strength at these temperatures will result in a lower concentration of PAHs in solution. The solution composition will play an important role in the rate of fluoranthene release into solution in this case, where the presence of high concentrations of Mg^2+^ is expected to enhance PAH retention in the solid phase if fluid transport is low.

Conclusions {#sec5}
===========

Our experiments agree with previous studies of organic crystals^[@ref87]^ which demonstrate that AFM surface analysis is a powerful tool to probe the effect of ionic strength and solution composition on the release of nonpolar, charge neutral organic molecules from crystal surfaces. The dominant material removal mechanism of step liberation from etch pit walls followed by retreat across terrace areas is consistent with previous work on inorganic crystals under far-from-equilibrium conditions.^[@ref44],[@ref45],[@ref88]^ However, unlike previous work, our experiments show that the propagation rate of these steps has a strong dependence on surface topography. In addition, the fluid ionic strength plays a role in the dissolution rate. The measured step retreat rates indicate that dissolution is faster in the higher ionic strength solutions, i.e. the 0.4 M NaCl and 0.1 M MgSO~4~, than in deionized water. Given that the equilibrium solubility of fluoranthene is low with relatively fast detachment kinetics, it is likely that the overall rate of step retreat is controlled by the rate at which dissolved species diffuse away from the reaction sites. Accumulation of molecules between closely spaced steps at steep topographic features (islands and etch pits) results in a deceleration of step retreat rates compared to isolated steps. Based on our observations, we suggest that the presence of ions disrupts the water structure, enhancing release and/or transport of fluoranthene at the crystal surface. However, the exact mechanisms governing elevated fluoranthene dissolution rates in higher ionic strength solutions should be explored further.

For future studies, we recommend that the effect of fluoranthene adsorption or release from mixed organic materials should also be tested with respect to solution composition, as bonding between macromolecules may vary and the presence of charged and polar organic molecules will change solid surface hydration. Similarly, studies investigating the solution compositions expected in soils and changes in this composition induced through acid rain events or the inclusion of common surfactants, such as sodium lauryl sulfate,^[@ref89]^ would also provide important information for PAH mobility in nature. Furthermore, our results indicate that at temperatures close to the ambient Earth surface, the solution's ionic strength will play an important role in mediating the release of fluoranthene into aqueous solutions. However, our results indicate that for higher temperature aqueous alteration on meteorites and asteroids, the effect of solution composition on fluoranthene solubility will be minimal. This can be linked to thermodynamic consequences of changing the water structure and potential kinetic enhancement of specific processes required for molecule release from and propagation along a hydrated surface. This hypothesis should be verified using more advanced methodology that can directly uncover the hydration structure at the surface on orientated crystal samples. If this effect is observed at the macroscale, the link between fluoranthene release and solution composition will be important for modeling contaminated aqueous environments on Earth as well as enhancing fluoranthene breakdown strategies.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsearthspacechem.8b00120](http://pubs.acs.org/doi/abs/10.1021/acsearthspacechem.8b00120).Statistical treatment of resulting data in the frequency domain ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00120/suppl_file/sp8b00120_si_001.pdf))Supplementary video showing a sequence of step movement around islands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) on the surface of a fluoranthene crystal, which constitutes the most complex topography ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.8b00120/suppl_file/sp8b00120_si_002.avi))
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